A similarity between chemical reactions and self-assembly of nanoparticles offers a strategy that can enrich both the synthetic chemistry and the nanoscience fields. Synthetic methods should enable quantitative control of the structural characteristics of nanoparticle ensembles such as their aggregation number or directionality, whereas the capability to visualize and analyze emerging nanostructures using characterization tools can provide insight into intelligent molecular design and mechanisms of chemical reactions. We explored this twofold concept for an exemplary system including the polymerization of bifunctional nanoparticles in the presence of monofunctional colloidal chain stoppers. Using reaction-specific design rules, we synthesized chain stoppers with controlled reactivity and achieved quantitative fine-tuning of the selfassembled structures. Analysis of the nanostructures provided information about polymerization kinetics, side reactions, and the distribution of all of the species in the reaction system. A quantitative model was developed to account for the reactivity, kinetics, and side reactions of nanoparticles, all governed by the design of colloidal chain stoppers. This work provided the ability to test theoretical models developed for molecular polymerization.
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nanopolymer | plasmonic properties T he similarity between chemical reactions and colloidal selfassembly forms a bridge between molecular and colloidal length scales, spanning over several orders of magnitude (1) (2) (3) . It is currently well-established that a broad range of particles with two reactive patches, such as polymer microbeads (4), inorganic nanoparticles (5) , and block copolymer micelles (6) , act similar to bifunctional molecular monomers and organize themselves into one-dimensional polymer-like structures. The self-assembly of colloidal polymers can also be assisted by the application of an electric (7) or magnetic field (8) . The analogy between chemical reactions and the self-assembly process offers a mutually beneficial approach: (i) the use of synthetic concepts as a strategy for controllable and quantitative self-assembly of colloidal particles into structures with well-defined sizes, spatial organization, and directionality and (ii) the development of fundamental knowledge about chemical reactions by visualizing colloidal assemblies.
The replication of synthetic concepts developed at the molecular scale--beyond qualitative prediction of a particular structure--should benefit the self-assembly of colloidal polymers built from nanoparticles. Collective plasmonic, excitonic, and magnetic properties of nanoparticle chains depend on their degree of polymerization (9) (10) (11) . Nanoparticle chains have potential applications as sensors (12) , nanoantennas (13) , or waveguides (14) , to name just a few applications, and their successful realization relies on the ability to precisely control nanopolymer structure. Recently, we reported the ability to predict the average degree of polymerization X n of nanoparticle chains for a particular self-assembly time (5); however, without quenching the self-assembly after an appropriate time, the desired final value of X n cannot be achieved. Synthetic polymer chemistry offers an elegant way to tune X n by changing the stoichiometry of reacting molecules. For monomers with two functional groups A and B, the value of X n is controlled by adding to the reaction system a small amount of monofunctional molecules that are called chain stoppers (CSs) (15) . In the course of polymerization, a CS attaches to the polymer end and makes it incapable of further reaction. The value of X n of the polymer is tuned by varying the amount of CSs introduced in the reaction system. This efficient approach has not been explored for controlling the degree of polymerization (or the length) of colloidal polymers.
Importantly, the ability to visualize individual nanoparticles and their ensembles, and analyze their distribution in the system brings a unique capability to take snapshots of different stages of colloidal polymerization reactions and in this manner, test theoretical models developed for synthetic polymer chemistry. For example, supramolecular polymerization uses bifunctional monomers and CSs with identical, self-complementary functional groups (16) . Control of X n of supramolecular polymers has been developed under the assumption of equal reactivities and strengths of CS-CS, CS-monomer, and monomer-monomer interactions (16) (17) (18) . Side reactions of CSs such as their dimerization and binding to the junctions between the repeat units of the polymer have been neglected. Direct characterization of supramolecular polymers is not trivial due to their dynamic nature, and conventional polymer characterization techniques, e.g., gel permission chromatography, may require dilution of polymer solutions or the use of elevated temperatures, which can change polymer properties (16) . Visualization of nanoparticle chains by electron microscopy in the course of the polymerization process enables the validation of the assumptions made for CS reactions and, overall, provides insight into the intrinsic details of supramolecular polymerization, although nanopolymer chains are generally characterized by a lower value of X n than their molecular counterparts. Furthermore, nanoscience-specific techniques Significance Self-assembly of nanoparticles in polymer-like chains bears a strong similarity to polymerization reactions, in which monomer units are brought together by directional noncovalent interactions. Based on this similarity, the molecular concepts of polymer chemistry can be applied to achieve controllable nanoparticle assembly. On the other hand, the ability to visualize nanoparticle assemblies and to exploit characterization tools used in nanoscience offers a unique way to study polymerization reactions. Here we explore this twofold strategy for an exemplary system including the self-assembly of bifunctional metal nanorods in the presence of monofunctional nanoparticles (chain stoppers). The approach provided insight into the polymerization kinetics, side reactions, the distribution of species in the system, and the design rules for the synthesis of molecular chain stoppers.
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such as the measurements of time-dependent red shift of surface plasmon resonances of metal nanoparticles can be used to characterize their polymerization in linear chains. Importantly, the design rules established for efficient colloidal CSs can be extended to the synthesis of their molecular analogs to control reaction kinetics and the distribution of molecular species in the reaction system.
The present work highlights mutual enrichment of nanoparticle self-assembly and polymerization reactions. We designed colloidal analogs of molecular CSs with a particular geometry and surface properties to achieve control of their reactivity, minimize the effect of the side reactions of CSs, and fine-tune the value of X n of polymers formed from bifunctional gold nanorods (NRs). We proposed a quantitative model that--based on the reaction kinetics--quantitatively predicts the value of X n and the relative concentrations of all of the species in the reaction system, all controlled by the intelligent design of CSs. These results provide an important contribution to supramolecular polymerization.
Results and Discussion
Rational Design of the Colloidal CSs. Fig. 1 illustrates polymerization of bifunctional Au NRs in the presence of monofunctional CSs. The NRs are end-tethered with thiol-terminated polystyrene (PS) molecules which form a "bush" at each NR end. The organization of the NRs in chains is mediated by reducing the quality of the solvent for the PS ligands. Following the addition of water to the solution of NRs in dimethylformamide (DMF), a good solvent for PS molecules (19) , the NRs assemble in an end-to-end manner to minimize the surface energy of the system. When a CS attaches to one or two ends of the NR chain, the polymerization process is suppressed or completely stopped, respectively.
We devised the following critical design rules for the colloidal CSs. Surface chemistry. The ligands capping two distinct patches of CSs render colloidal stability to the nanoparticles before the beginning of the self-assembly. When the self-assembly of the NRs is initiated, the reactive ligands selectively lose their solubility and form a physical bond with the NR end (Fig. 1) . The ligands attached to the reactive and nonreactive patches are sufficiently short to avoid the screening of the counterpart segment. Dimensions of reactive and nonreactive domains of CSs. To cap the NR end and avoid the attachment of multiple CSs, the size of the reactive patch of CSs should be complementary to the diameter of the NR, whereas the size of the nonreactive patch of CSs should be moderately larger than the NR diameter. The latter feature introduces steric hindrance against the attachment of multiple CSs to the NR end and controls CS reactivity, both in polymerization and side reactions such as their dimerization and bonding with chain junctions. In addition, CS reactivity is controlled by the geometry of the nonreactive segment blocking access to the reacted surface for potential "bonding partners," e.g., additional CSs or NRs.
Synthesis and Surface Modification of CSs and NRs. We synthesized Au NRs with a mean length and width of 35 nm and 10 nm, respectively ( Fig. 2A) , as reported elsewhere (20) , and subjected them to ligand exchange to replace cetyltrimethylammonium bromide at the {111} facets on the NR ends with PS molecules (M n = 5,000 g/mol) (21) . Fig. 2B shows CSs comprising Au and Fe 3 O 4 domains (labeled in Fig. 1 with yellow and red, respectively), which were coated with oleic acid and oleylamine ligands (22) . An insignificant fraction of CSs had a flower-like morphology, as shown in SI Appendix. The optimized diameters of the Au and Fe 3 O 4 segments were 6.5 ± 0.9 nm and 15.4 ± 1.6 nm, respectively (Fig. 2C) . The CSs were subjected to the twostep ligand exchange to cap the Au and Fe 3 O 4 patches with thiolterminated PS and dopamine-terminated polyethylene glycol molecules, respectively (2, 23, 24) . The number average molecular weight of the PS ligands was 5,000 g/mol, similar to that used for end functionalization of the NRs, and the molecular weight of dopamine-terminated polyethylene glycol ligands was 1,200 g/ mol. Following ligand exchange, the average hydrodynamic diameter of the CSs in DMF increased from 24 to 32 nm (Fig. 2D) . The CSs were colloidally stable in DMF for at least 1 mo.
Self-Assembly Experiments. To verify the distinct surface chemistry of the Au and Fe 3 O 4 patches after ligand exchange, we examined CS self-assembly in a solvent that was selective for either PS molecules, or for polyethylene glycol ligands. The CSs were dispersed in acetone, a good solvent for both the PS and polyethylene glycol, and either water or dioxane was added to this colloidal solution. In the acetone-water mixture (a poor solvent for the PS molecules) (25) , the CSs assembled into dimers by forming a physical bond between the small, PS-coated Au domains (Fig. 2E) . In the acetone-dioxane mixture, the quality of the solvent was reduced for polyethylene glycol (25) . The CSs formed clusters containing several nanoparticles that were linked by the polyethylene glycol molecules (Fig. 2F) . The clusters, rather than dimers, formed due to the large attraction area of reactive We monitored the polymerization reaction by examining transmission electron microscopy (TEM) images of the monomers and colloidal chains at varying time intervals. Fig. 3A shows representative species observed in the DMF-water solution in the course of self-assembly: individual CSs and NRs (Top), dimers of CSs and noncapped NR chains (Middle), and NR chains end-capped with CSs at a single end and at both ends (Bottom). A fraction of CSs attached to the junctions between the ends of neighboring NRs in the chains (Inset).
The ability to visualize all nanoparticle species in the system enabled their detailed analysis and characterization. The schematics of free and reacted PS bushes attached to NRs and CSs and the change in their concentration in the course of selfassembly are shown in Fig. 3 B and C, respectively. The concentrations of free PS bushes attached to individual CSs and NRs were reduced due to the formation of CS-CS, CS-NR, and NR-NR bonds. Analogous to step-growth polymerization, the unreacted CSs and NRs were present in a relatively high amount in the entire range of self-assembly time t SA in comparison with reacted nanoparticles (15) . A limited number of CS dimers were formed, due to the low reactivity of CSs to each other (the rate , respectively). Importantly, at small t SA , the attachment of CSs to the chain ends dominated over their attachment to the chain junctions; however, with an increasing number of junctions in the chains and a reducing number of chain ends, the side reaction of CSs with junctions could not be ignored.
End-to-end assembly of Au NRs leads to electrodynamic coupling between the alternating dipoles along the chain (26) . In our experiments, a time-dependent red shift of the longitudinal surface plasmon resonance Δλ LSPR of the self-assembled NR chains was substantially weaker in the presence of CSs than in the control CS-free system (Fig. 4A) . We used the value of Δλ LSPR to monitor NR self-assembly in the presence of different amounts of CSs (Fig. 4B) (We note that the plasmonic resonance of CSs was centered at 550 nm, and thus did not interfere with Δλ LSPR .) The decrease in Δλ LSPR was related to the reduction in the average number of NRs in the chains, which was in agreement with earlier findings (27) . Fig. 4C shows the variation in the average number of NRs in the chains defined as
, where x i is the number of NRs in the chain and n i is the number of chains containing x i NRs. In CS-free system, the value of X n increased linearly with time, following the trend of reaction-controlled step-growth polymerization, in agreement with earlier findings (5); however, in the presence of CSs the linear variation of X n vs. t SA did not hold, as the growth of NR chains was suppressed by the attachment of CSs. For instance, for t SA = 20 min, in the absence of CSs, X n = 8.2 was measured, whereas at the ratio of [CS]/[NR] = 1.55 the value of X n of only 1.5 was achieved.
Modeling of Self-Assembly. We developed a quantitative model for the self-assembly of bifunctional NRs in the presence of colloidal CSs. The model describes comprehensively the variation in X n with t SA and NR conversion, predicts the maximum value of X n achieved at a particular CS concentration, provides the distribution of the fractions of all reactive species in the system, including CSs lost to side reactions, and accounts for the reactivity and rate constants of nanoparticles forming CS-CS, CS-NR, and NR-NR bonds. The details of modeling are included in SI Appendix. Experimentally, the model was validated by using the ability to visualize polymer chains, the type of bonds formed in the course of polymerization and the individual NRs and CSs. The distribution in the concentrations of all types of species at a given t SA was modeled using SI Appendix, Eqs. S9-S12, which allowed the calculation of the rate constants for the formation of all bonds in the system. Fig. 2C shows agreement between the experiments and the model (R 2 = 0.986). Fig. 4 C and D shows the variation in the predicted and experimental values of X n at a particular self-assembly time t SA and at a particular conversion P NR (defined as the fraction of NR ends reacted at t SA ), respectively. The variation of X n at a particular t SA was expressed as
where c NR-NR is the concentration of NR-NR bonds and c NR 0 is the initial concentration of NR ends. Furthermore, the average degree of polymerization of the NR chains was predicted as
where P NR and P CS are conversions of NRs and CSs (defined as the fraction of NR ends and CSs, respectively, reacted at t SA ), and E is the efficiency of the correct attachment of CSs to the end of the chain calculated as E = 2 KðXn − 1Þ + 2 (K is the ratio of reactivities of CSs with respect to the junctions and chain ends).
We stress that it is expected theoretically and has been shown experimentally (SI Appendix) that the value of E decreases in the course of self-assembly: when the NR chain grows, the probability to find a junction along the chain, instead of chain end, increases. Fitting Eq. 2 to the experimental data for different [CS]/[NR] ratios (Fig. 4D) indicated that (i) the CSs are less reactive toward junctions than to the ends of the NR chains (K = 0.13 ± 0.06), due to the steric hindrance effect, in agreement with the rate constants found with the kinetic model (SI Appendix), and (ii) the NRs are more reactive in forming NR-NR bonds, rather than NR-CS bonds (P CS /P NR = 0.44 ± 0.04), due to the predesigned difference in dimensions of reactive patches in CSs and NRs. These findings highlight the importance of the rational design of CSs.
By adding a particular amount of CS at the beginning of the self-assembly process, we fine-tuned the final composition and structure of the nanopolymer (Fig. 4C) . With a detailed understanding of the polymerization kinetics, one could also quench polymerization by adding CSs, although in a different amount, in the reaction system after a particular self-assembly time t SA (SI Appendix). Polymer with the same X n and polydispersity index will be obtained using both approaches depending on the amount and time of addition of the CSs.
In addition to the detailed information about polymerization in the presence of CSs, the experimental and theoretical results presented in our work can be applied to the self-assembly of nanopolymers. Whereas the use of CSs enabled control of the value of X n , the theoretical model predicted the ratio [CS]/[NR], at which a particular value of X n is achieved after a particular self-assembly time. These results are important for sensing applications of polymer-like chains of Au NRs, for which a red shift of the longitudinal surface plasmon resonance depends on chain degree of polymerization (27) . Furthermore, efficient surface-enhanced Raman spectroscopy probes benefit from the use of short NR chains with X n of 2-3 (28). For [CS]/[NR] = 1.55, the self-assembly yielded chains with X n = 2 in 50 min, after which the value of X n did not change over 24 h.
Conclusions
In summary, this work shows that nanoparticle models enable detailed studies of polymerization reactions, beyond the determination of average degrees of polymerization, and provide guidance in the design of molecules with a particular function. Further steps should exploit recent advances in in situ electron microscopy studies of nanoparticle motion and assembly in solution (29) , to gain deeper understanding of the reaction mechanism. On the other hand, our work highlights, again, the applications of the synthetic concepts of polymer chemistry to controllable and quantitative assembly of nanostructures with required properties. Furthermore, the attachment of a colloidal CS to one end of the nanoparticle chain breaks the symmetry of colloidal polymers, thereby paving the way for unique modes of self-assembly, and bringing a different functionality to the chain end.
